Preconceptive irradiation is considered to be a potential risk factor that can cause hemolymphoblastosis in children conceived and borne by irradiated parents. A population cohort that comprises workers employed at "Mayak" Production Association (Mayak PA), the first nuclear cycle enterprise, is a unique sampling to calculate a carcinogenic risk in their children.
Multiple experimental research considers preconception irradiation as a risk factor that can cause genetic instability, changes in DNA polymorphism [1, 2] , and offspring susceptibility to neoplastic processes [3] [4] [5] . Several works dwell on cytogenetic effects as oncologic diseases predictors and on their probable trans-generational transfer among irradiated people [6] [7] [8] [9] . But still, epidemiologic assessment of effects produced by preconception irradiation is rather controversial, and there are no common conclusions on peculiarities and regularities which carcinogenic processes have in offspring of people who were exposed to ionizing irradiation [10, 11] .
Malignant neoplasms (MN) in lymphoid and blood-making tissues are the most widely spread oncologic pathology among children [12, 13] . A lot of researchers have had great interest in a probable cause-and-effect relationship between parents being exposed to preconception irradiation and hemolymphoblastosis in their children. In 90ties last century several works were published; they focused on testing a so called "Gardner hypothesis" [14] that stated the following: irradiation received by fathers be-fore conception could cause leukemia and non-Hodgkin's lymphoma in their children. A correlation between parents' preconception irradiation and leucosis in their children wasn't confirmed in most of them [15, 16] or evidences weren't convincing enough due to an insignificant number of oncohematological cases [17, 18] . Controversial results obtained in assessing effects produced by parents' irradiation and related risks of neoplastic processes in their children are still inducing scientific disputes [11, [19] [20] [21] .
"Mayak" production association (Mayak PA) is the first enterprise in the country that dealt with nuclear production; it was put into operation in 1948. This association includes radiochemical, reactor, and plutonium production as well as several auxiliary divisions. During several first years of Mayak PA operations its personnel might have been exposed to long-term external gamma-irradiation and internal alphairradiation by incorporated plutonium-239 in significant doses; and we should note that a quarter of all workers employed at Mayak PA back then were women in their reproductive age. Given that, a cohort made up of workers employed at Mayak PA is one of the most representative groups in the world to assess effects produced by parents' irradiation, including analysis of oncohematological pathology in their children.
Our research goal was to assess risks of MN in lymphoid and blood-making tissues among children born by personnel employed at Mayak PA applying total absorbed individual preconception doses.
Data and methods. We conducted a retrospective examination based on registers created and supported in the Laboratory for Radiation Epidemiology at the Southern Urals Biophysics Institute:
-Register with entries on personnel employed at Mayak PA in 1948-2015 including 36,036 people who worked at the main and auxiliary plants of the enterprise; this register provided data on parents' occupational histories;
-Cancer Register that contains data on more than 15,000 cancer cases which have been diagnosed since 1948 among people living in Ozersk, a closed town located near Mayak PA; -Children Register that contains data on 90,835 people who were born in 1934-2009 in Ozersk or came to this town in their childhood and spent not less than 1 year in it.
We applied a "case -control study in a cohort" where a "case" was a patient younger than 25 who was suffering from hemolymphoblastosis and a "control" was a person of the same age without such a diagnosis. "Cases" group included all patients with hemolymphoblastosis registered in Ozersk from 1949 to 2009 who were younger than 25 (81 children overall, 49 boys and 32 girls). "Control" group was made up with a comparable pair method as we selected four controls from Children Register for each child with hemolymphoblastosis so that they matched in sex, birth year, and age of parents at the moment of childbirth. Groups were formed among all the children population in Ozersk and it allowed to level off other probable disturbing factors, for example, possible technogenic impacts exerted on people living in the town by its close proximity to Mayak PA. All the selected children were provided with medical services of the same quality and quite similar nutrition in children facilities located in the closed town. As a result, "Control" group consisted of 324 children without any oncologic diseases (196 boys and 128 girls).
Having formed the groups, we detected whether parents had been exposed to preconception irradiation and if yes than what doses they had been exposed to; to do that, we took data from the Mayak PA Personnel Register, registers with data on people who might have been irradiated, for example, liquidators of the emergency that happened at the enterprise in 1957, Chernobyl liquidators, people who had lived on the Eastern Urals radioactive track territory, people employed at construction organizations or military personnel who might have been exposed to radiation before their children were conceived. Data on individual doses of external gamma-irradiation accumulated by personnel employed at Mayak PA were provided by the Radiation Safety Service of the enterprise from the "Mayak PA Personnel Dosimetric System-2008" [22, 23] .
The structure of MN in lymphoid and blood-making tissues is given according to the ICD-9 and ICD-10 that were valid during the examined period [24, 25] .
We applied the following statistical analysis techniques in our research:
-frequencies comparison with χ² criterion and Fisher's exact test, discrepancies were considered to be authentic at p<0.05;
-odds ratio (OR) calculation with 95% confidence interval (CI); -calculation of excess relative risk (ERR) per a unit of external gamma-irradiation dose with 95% confidence interval; it was performed in PECAN software module of EPICURE software package [26] . Data in a table that showed person-years were distributed as per sex, birth date, MN nosology, and a date when a MN was diagnosed. We took into account total preconception doses of external gamma-irradiation received by mothers and fathers on an overall body and separately on the gonads. Individual doses were divided into 250 mGy intervals and an average dose was calculated for each interval. Morbidity with hemolymphoblastosis among children that was detected without any exposure to radiation was considered to be a background level taking into account discrepancies related to an age at which a MN was diagnosed, sex, or age. P-test values for statistical significance were calculated with maximum likelihood techniques, and discrepancies were considered to be statistically significant at p<0.05.
Groups characteristics taking into account preconception irradiation parents had been exposed to at their workplaces is given in Table 1 .
Each group was divided into two subgroups: children born by parents who had accumulated preconception irradiation doses and children born by parents who had never been exposed to any occupational irradiation before they conceived a child. A share of children born by irradiated parents was lower in "Cases" group than among children without hemolymphoblastosis as 35.8% (29 children) in "cases" group were born in families where parents had accumulated preconception irradiation doses; as for the group that included children without any on-cohematological pathology, 42.3% (137 children) were born by parents who had been exposed to occupational irradiation before conception.
Workers who had contacted ionizing radiation sources at their workplaces before conception might have been exposed to combined irradiation (external gamma-and internal alpha-irradiation). Most parents in the compared groups were employed at radiochemical and reactor productions of Mayak PA. We didn't analyze any relationship between MN in lymphoid and blood-making tissues in children and parents' doses of internal irradiation by incorporated plutonium-239 due to a rather insignificant number of people who had undergone monitoring of internal alpha-irradiation accumulated in their bodies.
Results and discussion. Over 60-yearlong examination period (1949-2009) MN in lymphoid and blood-making tissues were diagnosed in 81 children, and more frequently in boys (49 people or 60.5%). Prevalence of males among patients with hemolymphoblastosis (sex ratio is 1.53:1) is in line with regional, national, and world statistics [13, 27, 28] . The highest number of oncohematological pathology among children were registered in time periods from 1980 to 1989 and from 1990 to 1999 (18 and 19 cases respectively). Average age at which hemoblastosis occurred among boys was equal to 11.5; among girls, 9.5. The structure of MN in lymphoid and blood-making tissues among overall children population living in Ozersk over 60 years is given on Figure 1 .
Acute leukemia prevailed among all the MN in lymphoid and blood-making tissues with 45 cases (55.6%) of which 23 cases or 51.1% belonged to acute lympholeucosis and it corresponds to literature data [13, 27, 28] . Myeloid leukemia accounted for 26.7% (12 cases) among all acute leukemia cases. Monocytic leukemia was registered only once, in a 5-year old boy born by a father who had been employed at reactor production and exposed to T a b l e 1 Group characteristics total preconception external gamma-irradiation on his gonads in a dose equal to 210 mGy. Acute leukemia of unspecified cell type was detected in 9 children and it accounted for one fifth of all leukemia cases in children. Most of these unspecified leukemias were diagnosed in 1960-1980; back then it was next to impossible to identify an acute leukemia subtype due to absence of histochemical, immunological, and cytogenetic research techniques.
The second place among all hemolymphoblastosis belongs to Hodgkin's disease (18.5% or 15 cases). Average age at which the disease became apparent amounted to 16.2, without any gender discrepancies. Two Burkitt's tumors were registered among diffused non-Hodgkin's lymphomas, in a 8-year-old girl and 21-year-old boy, both born by parents who hadn't been exposed to any preconception irradiation. "Other malignant neoplasms in lymphoid and histiocytic tissues" category included histiocytic lymphomas and malignant histiocytosis; these diseases accounted for 11.1% (9 cases) of all hemolymphoblastosis among children living in the closed town.
Structure of hemolymphoblastosis among children born by parents exposed to occupational preconception irradiation is very similar to that described above. Acute leukemia prevailed (62.1% or 18 cases); lymphoblastic leukemia took the first place among acute leukemias (44.4% or 8 cases); myeloid leukemia accounted for one third of all leukemia cases in children (33.3% or 6 cases); a single monocytic leukemia case was diagnosed. A contribution made by leukemia of unspecified cell type was a bit different and accounted for 16.7% (3 cases) of all leukemia cases. A share that belonged to Hodgkin's disease among all MN in lymphoid and blood-making tissues was statistically insignificantly higher among children borne by parents who had been exposed to occupational preconception irradiation than among children whose parents hadn't been exposed to it (20.7% against 17.3%, p>0.05).
We should note that specific contribution made by all neoplasms in lymphoid tissues among children of irradiated parents didn't have any discrepancies from that among children whose parents were intact (37.9% against 48.1%, p>0.05). We compared contributions made by lymphoid leukemia and myeloid leukemia into oncohematological pathology structure among children born by exposed and nonexposed parents and didn't reveal any statistically significant discrepancies.
We didn't detect any gender differences in the structure of MN in lymphoid and bloodmaking tissues among children born by irradiated parents. Average age at which MN occurred among children born by exposed parents amounted to 14 years among boys and 8.2 years among girls.
Overall, we didn't detect any significant differences in the structure of child hemolymphoblastosis between national and world sta-tistical data and either children born by workers employed at nuclear production or total children population of Ozersk [13, 28] .
Total doses of preconception external gamma-irradiation absorbed by parents at their workplaces varied significantly. Table 2 contains data on accumulated preconception irradiation doses.
Average total doses of preconception external gamma-irradiation absorbed by parents were higher in "Controls" group (children without oncologic pathology) than among exposed parents whose children were included into "Cases" group. However, maximum preconception dose of external gamma-irradiation on an overall body was detected among fathers of children with oncohematological pathologies and reached 3,397.3 mGy while a maximum dose among mothers amounted to 2,797.8 mGy and was detected in "Controls" group.
Average absorbed doses of preconception external gamma-irradiation on the gonads were higher among parents in "Controls" group than among parents in "Cases" group. Irradiation on the gonads varied within a substantial range, the highest accumulated dose being about 3 Gy; it was registered in parents from both groups as the maximum external gamma-irradiation dose on the gonads amounted to 3,121.8 mGy in "Cases" group, and to 2,899.3 mGy, in "Controls" group.
Average preconception doses of external gamma-irradiation on the gonads were in some cases higher than doses on an overall body; on one hand, it can be due to uneven irradiation of Mayak PA personnel; on the other hand, quantity of individual doses on the gonads among workers was relatively insignificant, therefore, average values could be shifted. Figure 2 shows how workers employed at Mayak PA are distributed as per accumulated preconception doses of external gamma-irradiation on an overall body. An accumulated dose didn't exceed 100 mGy among most irradiated parents. Preconception irradiation among mothers in "Cases" group had two end intervals, from 2.06 to 100 mGy and higher than 1,000 mGy. Mothers from "Controls" group were present in all dose categories. The smallest number of fathers in "Cases" group were exposed to preconception irradiation in a dose within 201-500 mGy range, while the minimal number of fathers in "Controls" group was detected in a dose category from 501 to 1,000 mGy. Total preconception doses of external gamma-irradiation on the gonads among Mayak PA workers were distributed in a similar way.
T a b l e 2 Preconception external gamma-irradiation accumulated by parents
Most MN in lymphoid and blood-making tissues among children born by exposed parents were detected within a below 500 mGy range of total preconception external gammairradiation doses received by parents on an overall body (79.3% or 23 cases). Acute leukemia was diagnosed among children born by parents exposed to a dose within 2.06-3,397.3 mGy range with an average dose on an overall body being equal to 312.8±170.8 mGy; on the gonads, 391.5±261.1 mGy. MN in lymphoid tissue were detected within 2.7-1,005.3 mGy doses range with an average external gamma-irradiation dose on an overall body being equal to 170.4±78.4 mGy; on the gonads, 233.7±105.5 mGy.
In order to reveal any statistical correlation between a risk factor (parents exposed to occupational preconception irradiation) and an outcome (hemolymphoblastosis in their children), we calculated odds ratio; the results are shown in Table 3 .
OR in groups on general was equal to 0.76 (0.46-1.26) and it proved there was no statistically significant correlation between parents being irradiated and oncohematological pathology in their children. OR amounted to 0.81 (0.43-1.54) among boys, and to 0.69 (0.3-1.57) among girls, and it was also an evidence that there was no correlation between the examined risk factor (parents exposed to preconception irradiation) and a possible outcome in their children (hemolymphoblastosis).
To reveal whether carcinogenic risks in offspring were dose-dependent, we performed "dose -effect" analysis together with calculating excess relative risk of hemolymphoblastosis. The analysis covered total preconception irradiation doses received by parents on an overall body and separately on the gonads. The results are given in Table 4 .
We applied a linear model to estimate ERR and didn't reveal any statistically significant increase in morbidity with hemolymphoblastosis depending on an irradiation dose received by parents. ERR/Gy quotients were insignificant in both cases among mothers T a b l e 3 Odds ratio calculation and fathers employed at Mayak PA, either with an accumulated external gamma-irradiation dose on an overall body or separately on the gonads. A.N. Koterov is being involved in a discussion on the genome instability being induced under small radiation doses and more frequent mutagenesis and carcinogenesis caused by them; he considers [29] different points of view expressed by several authors and notes results obtained via some experimental research when no instability in the genome was observed under exposure to doses smaller than 0.1-0.2 Gy but probable threshold for its induction amounted to 0.5 Gy with low linear energy transfer.
Analysis of our data taking into account dose categories with preconception doses intervals being equal to 250 mGy didn't reveal any increase in carcinogenic risks as statistically insignificant negative ERR/Gy values were observed in the groups. At certain points, ERR value for hemolymphoblastosis associated with an external gamma-irradiation doses on the gonads was uncertain due to few available statistical data.
Therefore, our analysis didn't confirm an assumption that increased risks of MN in lymphoid and blood-making tissues could be somehow related to parents' exposure to preconception gamma-irradiation.
When accomplishing our research, we took into account impacts exerted by such nonradiation factors as sex, birth date, age of parents at the moment a child was born, and age at which MN was diagnosed. We should note that multiple factors have been described up to now that can cause oncogenic processes in lymphoid and blood-making tissues. Experts consider several factors that cause child hemolymphoblastosis, for example, infectious agents [30] , preconception contact with chemical carcinogens [31], compromised obstetric history and MN occurrence in close relatives [27] , deviations in perinatal period and anthropometric status peculiarities at birth [32] , pre-and post-natal exposure to electromagnetic fields [33] , and many other nonradiation factors that can't always be analyzed quantitatively [34] . Our task in the present research was to reveal a statistical correlation between a single probable risk factor, parents' occupational preconception irradiation, and neo-plastic hematologic processes in their offspring. Therefore, we didn't make any changes in our model in order to modify a dose response with various non-radiation factors.
The results we obtained are well in line with research [35, 36] that didn't reveal any statistically significant impacts via analyzing long-term effects produced by exposure to ionizing radiation.
Probably, estimation of a dose effect in our research was influenced by an initially insignificant statistical base as malignant neoplasms were relatively rare in children. But when an observation age for a cohort of children born by irradiated parents was increased up to 25 years [37] , it didn't change any ultimate results in comparison with our previous research.
It is also important to note that parents who were exposed to preconception irradiation were employed at a nuclear production; workers were thoroughly selected to get a job there, including medical examinations, as they all should have very good health. Given that, irradiated parents could initially have greater health than parents from "Controls" group. Moreover, a rather small number of exposed parents in our sampling doesn't allow to be sure that there is no correlation between long-term exposure to ionizing irradiation before conception and malignant neoplasms occurrence in offspring.
So, we can assume that radiation-induced risk assessment depends on statistical significance of a group being examined; this, together with MN being a multi-factor disease, substantiates a necessity to continue research on effects produced on offspring by occupational preconception irradiation.
Conclusion. We analyzed risks of oncohematological pathology in children born by irradiated parents with "case -control in a cohort" method and individual estimates of external gamma-irradiation doses accumulated before a child was conceived. A cohort chosen for the research was made up of children born by parents employed at the first nuclear cycle enterprise in the country. We tested impacts exerted by parents' preconception irradiation on risks of hemoblastosis in their children via calculating odds ratio and assessing a dose-effect relationship.
We included all cases of MN in lymphoid and blood-making tissues that occurred among children born in families of Mayak PA workers at an age up to 25 years, more than 90,000 people were observed during a 60-year observation over children living in Ozersk; still, in spite all that, we couldn't detect any authentic increase in hemoblastosis risk among children born by parents who had been exposed to preconception irradiation at their workplaces.
We spotted out a single factor, preconception irradiation, among variable potential carcinogenic ones, and assessed it quantitatively; the assessment revealed there was no correlation between parents being exposed to irradiation and elevated MN risks in their children. Totally, OR amounted to 0.76 (0.46-1.26). ERR/Gy quotient, taking into account absorbed doses on an overall body, amounted to -0.4 [-0.97; 0.14] among fathers; -0.0036 [-1.08; 0.93], among mothers. ERR/Gy quotient, depending on an overall dose on the gonads received by fathers, amounted to -0.31 [-0.93; 0.26]; by mothers, -0.22 [-1.57; 0.89]. ERR analysis performed in dose categories with an interval equal to 250 mGy didn't reveal any significant deviations from previous ERR calculations.
However, a relatively low number of MN in lymphoid and blood-making tissues imposes certain limitations on the validity of our conclusions; therefore, we can't state that a contact with ionizing irradiation at a workplace before conception is safe as regards carcinogenic risks for future children. Susceptibility to neoplasms in children and the effect manifestation as solid cancer at older ages can't be totally excluded and it is advisable to continue research on the subject.
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